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SRST ENS 


Thie report is en amalytiogl study of the effeete on | 
air conmeption ond thermal efficieney of threes types of blade cool ing 
systens. The nethoiea eoneidered aret 


(L) Ade Forced Convection Cool ing 


(2) Aig Tranepiration Cooling 
($) Ligaid Feroed Cenveotion Cool ing 


The analysia vee applied te a eleple cas turbine peworrlant 
eonteaining a cooled turbine awi an uncooled turbine, beth of which 
See ee ee ee Certain 
general deaign pereneters rere shegen for each goolant syste: and the 
effect of verintion of thees parameters on powerplant performence vas 
atulied. The three eeoling notheds vers algo compared against one 
another for otherwise identical eenditions in the basic pexerplact. 
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Ie IJHERODUCTION 


Many schemes have been devised for cooling gas turbine 


blades. Most involve circulating a coolant (air, water or fuel ) 


through passages in the blades either as part of a closed circuit 
externally cooled or as a “one way" process whereby the coolant dis- 
oharges into the turbine working fluid after naving absorbed heat 
from the blades. 

All of these methods, have, in addition to the functional 
design problems, the disadvantage of adding losses to the powerplant 
whioh, in part, reduces the gains te be anticipated from increased 
turbine inlet temperature. 

In M.I.T. Technicel Report No. 4 (reference 14), the per- 
formance of a simple gas turbine powerplant utilizing cooled blades 
was analyzed for a wide range of operating conditions. This analysis 
considered only the effect of heat loss fran the working fluid to 
the eooled blades and did not investigate the losses which might be 
incurred in circulating the coolant. In this study the above analysis 
is extended to include the over-all effecte on powerplant efficiency 
and specific air consumption of three types of cooling systems. 

1) Foreed convection air cooling -~ air is pumped through 
radial passages in the blades and discharges into the working fluid. 

2) Transpiration air cooling -- air ia forced through 
hollow porous blades end discharges into the working fluid. 

$) Liquid cooling <- liquid is circulated through passages 
in the blades in a closed circuit and cooled externally. 
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IIe FORCED CONVECTION -—— AIR COCLED POWERPLANT 
Ae Description of System 

The basic powerplant atudied in this investigation is canposed 
of a canpressor (¢, ), a burner (D), a cooled turbine (A) and an uncocled 
turbine (B). Each turbine is conposed of an infinite mmber of infini- 
tosimal impulse stages of polytropic efficiency I p° The coolant air 
ig supplied by a bleed connection fran canpressor, Cye The expansion 
ratio of turbine A varies so that the inlet temperature to turbine 5 
remains constant at the maximum allowable blade temperature. The 
coolant (m) is compressed in C,, passes through a heat exchenger (E ) 
and is ducted to coolant passages leading to the buckets and nozzles. 
Appropriate portions of the coolant, ae end Hy, energe from the nozzles 
end buckets, and, eat states Ge and 6d respectively, mix with the main 
working fluid in the mixing chember (F). The resultant mixture, now at 
state 7, expands through the uncooled turbine B. 

The assumption that the coolant does not mix vith the working 
fluid within the cooled turbine A can be visualized physically as 
follows: The coolant could be thought to discherge into the cooled 
turbine but to travel ummixed slong the periphery of the casing. This 
viewpoint assumes that any work done by the coolant within turbine A 
would be counterbalanced by the serodynemic losses which it causes. 
According to this hypothesis, the coolant would discharge against local 
turbine pressure «-- which for the limiting oase would be the inlet 
pressure of turbine A. 

In this powerplant it is seen that, in addition to the heat 


loss to the blades, other losses are present such as: (1) the work 
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input to the coolant in the cespressor, (2) the pumping work done on 
the ccolant es it passes through the roter and blades, and (8) the 
enthalpy loss ef the main working fluid due to mixing with the coolant 
at F. However, te sane extent, energy will be recovered when the 
coolent expends through the uneooled turbine B. 

The two design pearemeters listed below were chosen as being 
important to the seoling systen and ite effect on the over-all porer- 
plant. The base value represents the value at which each was fixed 


when either of the other two parensters was varied. 


Design Paranet Base Value Range Studied 
y x 7 coolent passage effectivencss 0.6 O04 = 0.8 
Toisp 7 coclant inlet tenperature LZ00°R G00°R ~ 1500°R 


Ux ia a meagure of the heat transfer fran blade to coolant 
(and, from heat transfer — friction relationships, a measure of blade 
pressure crop).  ,, 14 defined as 


l. a -28e — ote ssesas @) 
w o4e 
Ag chown above, | may be written immediately in terse of 
nozzle coolant tenaperatures but the effect of centrifugal tempersture 
rises must be considered (see Appendix F) in order to relate | _ to 
bucket coolant temperatures. Aleo, in Appendix F, it is shew that 
Y,, 16 © funetion of seolent passage 2/d, revio and, to a lesser 
extent, coolant Reynold's nunber. 
Tsp 4s the temperature of the coolant air leaving the heat 
exchanger © end may be thought of as representing the heat absorbing 
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potential of the coolant. The coolent temperature in this enalysis 
is maintained independent of the outlct conditions of the auxiliary 
compressor by the heat exchangor F. The powerplant is not, however, 
charged with the heat added or subtracted from the coolant in E. The 
base value of T osb* 21200° KR, corresporis toe what would bo the available 
coolent teisereture if the coolant air rere bled fran the top of the 
main conpreasor without passing through the heat exchanror. 

Be. Methed of Anslysis «= Forced Conveetion Air Cooled Foverplant 


The generel expression for the efficiency of a heat engine is 


¥ 
1 ween” 


( 
Referring to Fige 1, the efficiency of the foreed convection 
air cooled pevernlant may be vritten as follows: 


1 escscees (8) 


+ e- % 
Wy ?$—_—_+ eee eee (4) 


in 
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7 — seeses 


The tera *, in Equation (6) is the puxping work done by the 





rotor on the coolant flowing within the roter. 
Aa shown in Appendix D, Y\f),» the efficiency of the main 
working fluid cycle, may be determined by the method outlined in 
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reference 18 if the values of Q,/W, and aut, are known. Q, represents 
the heat loss from the working fluid to the cooled blades. Al! repre- 
sents the enthalpy loss to the main working fluid caused by mixing with 
the coolant. The analysis used to evaluate Q, At A and auf, is described 
below. 

Appendix E presents a relation for the heat flow to a cascade 
of blades and an optimum design value for the work of an infinitesimal 
stage. These two relations can be combined as per Equation (6) below. 
To obtain average values of this ratio for the netzle or tuoket rows, 
t. should be interpretated as the sverage stagnation temperature 
relative to either nozzles or buckets. Making use of the average 
stagnation tenperatures (Equations 7 and 8) and noting, from Fig. 3a, 
thet TL, 2° T+ w/e expressions for (Q,/%, dye (Q, At, dp and Q, ft, 
are determined. 
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aH/i 4» the enthalpy lose term, is found by applying en energy 
balance to the adiabatic mixing at F. This derivation is carried out 
in Appendix @ and results in Equation (12). The terms € ando, 
which are defined and tabulated in Appendix ¢, account for temperature 
rises due to rotational work. The term ].' (see Appendix F) is en 
apparent effectiveness which includes rotational effects as well as 
heat transfer. 
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The above Equations (9 = 12) have been solved by iteration 
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for a/*, and anf,» employing the additional relation that 
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The values of }/ y Obtained are plotted in Fig. 6. 
n/il, the total coolant ratio required to maintain the blades 
in the cooled turbine at t is obtained by applying energy balances 
to the ceolant flows in the buckets and nozzles (see Fig. 4a). Implicit 
in this analysis, is the assumption of infinite blade thermal conductivity 


(1.e., cooled blade temperature is everywhere constant and equal to tT). 
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The coolant ratio for the nozzles is determined from a simple heat 


balance and the definition of effectiveness (Equation (1). 


(m/f ) S re *eseewe 6 (18) 
, “pM xt = T a3? 


the required coolant ratio for the buckets is found by the 
same general technique but the details are complicated by centrifugal 


effects. The derivation is carriod out in Appendix E, 
(/% Jy My 
2 rn ® 2 r, 2 
h u h 
od xLwW ob aC 6, Tp at 36, Pp ] 


The total required coolant ratio, the sum of Fquations (13) 


(aft), = 


(24 ) 





and (14), is plotted in Fig. 6 as a function of turbine inlet 
temperature end the cooling system design paremeters. 


The quentity Yn 4a shown in Equation (5) to depend on W,, 


Q,.5 © end W. . WW, amd Q, are determined by the methods of Appendix 
in’ p 2 B in 
De YO the pumping work, is expressed by the folloving equation 


derived in Appendix He 


(n/t), 2 
»” 6 enw em 6 (15) 


The work done by canpressor C on the coolant is a function of both 
the net stagnation pressure drop in the coolant flow path and the 


stagnation pressure at the blade tips, For simplicity, the 


Pesr® 
pressure drops in both nozzles ami buckets are considered to be 


similar. It is further assumed that the stagnation pressure at the 
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turbine inlet nozzle tips 4s low enough to permit positive flow fran 
the coupressor bleed point. This reasoning permits the use of a 
single canpressor bleed connection. This study assumes that ell of 
the coolant ~ill be bled at conpressor discharge pressure and the 
correct distribution of ceolant will be maintained by throttling the 
paths of lower resistence. This assumption furnishes a conservative 
estimate of the compressor vork accomplished in the coolant cycle. 

Yi nm? * calculated in accordance with the preceding disoussion 
is plotted in Fig. 6 Now, in conjunction with the valves of Y],. and 
m/l previously obteined it is possible to determine ) por Equation (2). 
The powerplant efficioncy, Y{ , ami specific air consumption are plotted 


in Figs. 7-8 In this investigation specific air consumption is based 
on total air flow es follows: 


l 
specific air consumption - )2 we (26) 


C. Resulte of Analysis <- Forced Convection 

In Fig. &, Yu and Y\ are plotted ageinst turbine inlet 
temperature for a range of cooling system design paremeters. It is 
| ye the efficiency of the main working fluid cycle, is 
primerily a function of } _ *@ turbine inlet temperature. This is 
because, at constent fT... changes in Ns result fron variations in the 
mixing less an/®,. an/s, 46 relatively unaffected by coolant inlet 
tenperature aince, say, inoreasing Tox tends to beth increase coolant 
flow and increase coolant discharge temperature. Both of these effects 
work in the opposite direction and tend to be mutually cancelling. 
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vt a which may be thought of ac « measure of the efficioney 

of the coolant cycle is, to a first approximation, ea funetion of. 
and T ose" This is decause, at constant T ose? changes in%. result 
primarily fron changes in Wy. These changes in i, are the result of 
variations in the mixing lose an/r y which is relatively uneffeoted 
by changes in Toep° 

The coolant ratios required at various turbine inlet tempera- 
tures are plotted in Fig. 6 As might be expected, increasing Yy e and 
recuoing TOgb help to minimize the coolant ratio. The effect of 
coolant inlet temperature is especially marked, At T). © soo0"a, 
decreasing the coolant inlet tenperature fran 1500°R to 500° reduces 
the required coolent ratio fran 714 to 184 for 5 = 0.08 For 
SQ 7 0-02 the oeolant ratios are much less. 

in Fige 7, the effeot of turbine inlet temperature and 
coolant passage offectiveness on powerplant design point performence 
is shown. Throughout the range of turbine inlet temperature studied, 
increasing Y{ x improved thermal efficiency, and lewered specific air 
consumption. The gains eriging from increesing | | are due to the 
inoreases in ){ ,, and decreases in m/l which result. The greatest 
gains in performance appear to lie in eliminating very low values of 
Y ~ rather then in attaining wear 100% effectivensss. 

The effect of coolant inlet tenperatura on powerplant per- 
formence ie shown in Fiz. 8. Tos is found to have little effeot on 
neximun efficiency, but reducing 1... doves result in much lower 


minime specific air consumption end much better efficiency at high 
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turbine inlet temperatures. The vdeneficial effects of reducing TOsb 
are due mainly to the decreased coolant ratios required. 

The results of Figs. 7 and 8 ahow that the design point 
perfomance of a forced convestion eir cooled powerplant ary be optimized 
by increasing blade coolant pessage effectiveness, and reducing coolant 
inlet temperature. For the particular operating conditions studied, 
yl - end T ogb heen more prenounced effects on specific air consunption 
then on maximum cycle efficiency. 

if metallurgical considerations did not exist, it would be 
possible, by increasing the turbine inlet temperature of a similar 
uncooled powerplant from 1960°R to 30G0°R to increase eycle efficiency 
from 35% to 414 and reduce specific air consumption fran 87 to 13 1y/ 
hpehr. (See Fige 16). In the forced convection air cooled powerplant, 
in which the blade temperature 1s limited to 1960°R, if the turbine 
inlet tempereture is inoreased through the seme range, depending on 
the values of the cooling system design paraneters, the cycle efficiency 
cen be increased 2.5% to 3.5% (out of a possible 6% gain) and the 
speoifie sir cousuzption can be lowered 13 to 18 1b /hp-hr (out of a 
possible 26 1b /hp=hr reduction). Fron those rewlts it is apperent 
both that (1) appreciable net improvenents in performance can be 
realiced with forced convection air cooling end (2) the cooling cystem 
design paremetere chosen in this enslysis have a significant effect 
on powerplant performance. 
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TIX. TRANSPIRATION COOLLD PCFERPLANT 
Ae Deseription of Systen 

The basie transpiration alr cooled powerplant is cimiler 
to that deseribed in IeA. The difference lies in the manner in which 
the coolant passes through the blades end mixes with the working 
fluid. 

Ag shown in Fig. 2, tho main working fluid (HM) expends 
through the oooled turbine A, mixing with the ecolant which hes 
transpired threugh the cooled blades. Appropriate portions of the 
coolant, 2). and Bye are forced through the nozzles and buckets 
respectively, enter the cooled turbine at states Ge ami Gd, and mix 
with the main working fluid. The mixture of coclant and main working 
fluid leaves the cocled turbine at state 7 and is expanded through a 
second uncooled turbine 5. 

It is assumed that the addition of the coolant mage has no 
net effect on the expansion process within turbine A. That is, the 
werk done by the coolent mass is exactly counterbelanced by the 
enthalpy losses due to mixing and the aerodynamic losses due to 
boundary layer thickening. 

In general, the losees for the transpiration cooled power= 
plant are similar in nature te those in the forced convection cooled 
poverplant. Twe major differences exist hovevers (1) As mentioned 
above, it is assumed there is no net enthalpy less due to mixing of 
the coolant and working fluid (1.0., ali/¥, © 0). (2) The heat flow 
to the blades, Q» will be materially reduced due to the insulating 
film produced by the transpirding coolent. 
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The design pareaneter soverning the operation of the trans 
piration cooling system is listed below. The pareneter ){ = wsed 
in the forced convection syste: ia nor dropped because the contact 
between ceolant end well is so great that no significant teapereture 
difference exists between the emerging coolant and the blade wall. 


Design Parameter Bese Valuo Range 
T coolant inlet temperature L200° R H00=1 BOO 


ob 

T Os has approximately the seme offeot on the transpiration 
system aS on the forced convection system. The disoussion in I<A 
for P osb also applies here. 

Be Method of Analysis -- Transpiration 

The efficiency of the transpiretion cooled powerplant may 
be expressed by Equations 3, 4, ami 5. ovever, because of the 
differences in the physical processes the determination of the oam-= 
ponent terms of these equations is different fran the methods devel oped 
in I~B, 

The caleulation of YL, for given values of Q,/%, is oiniler 
to the method for forced convection. The detaile are outlined in 
Appendix D. As will be shown below, however, the tern @,/", cen ne 
longer be ovaluated solely by the equations developed in III-A, 

In a transpiration cooled powerplant, the ooolent forms en 
insulating layer which reduces the gas-to-blade heat transfer 


coefficient, % . Allowing starred terms to denote heat transfer 
conditions for zero transpiration mass flor, the following equations 
are written. 


Saye 08) Fh AAAETIAS EL pei msn, DOORS Gy ie 0c! 

mor, |) Gee Sf cuted leteds of cote gatlave eaten 
fete O8f tema! Progyy) Wee Ld sel eys edtewee imere) ar ws 
CRPT ert eer inte er fey te bd td Ll ee cele anne 
(Mae wel) om ine Om tnee ge me) ee Ary mew ee 

= site Xe aaser, 
TN ere mit tolow 2? 
Mique atte ets eae of Vieng Bt pt —s 
eb ok entered ee cece eteeeee ecw nl ue as ate 
er ee els gern 
oe ae 
RE Peery beds ethernet wit Se Geese ee 
ee ieee ee ee 
me ER ital ew Pe OM expert leotog ely Ws ecm 
Wee ov abate BAe eT. Few WS vi SOT wee! Ww ee Nemes 
od cme tes: -—~—- —-_ « . #e@hBed 
ikake wh Net Se Ramey ee eit | Ne omdielmie ee 
eh tem timm ame eLetters bare WET eure att we 
St Ne ee ee wet enka! ete at de eh thle 
Dt Nagy Sa ee rye whl of LTR INe eee lm oe meyers 




















13 


(Q,/¥ydyy * (Oye dy (C/O Dy teieae €%) 
(Q,/¥, dp ° (/% Jp C4 /oc'), sev eve ee (18) 


s _ et 
Now (Q,/¥, dy era (a,/*, dy ean be evaluated from Lquations (3) 
ani (10). (Hoting that, for treuspiration, anf = 0). 
2 
Several methods ere given in the literature for determining 
the ratio oc / ole (References 4 end 5). A simple relation is the 


"film theory" expression proposed by Mickley (reference 13). 
GG 


ee 
of fox” 2 ne oeoev eee (19) 
[Se] 
@] 


» 
© oc 


In Appendix I, Equation (19) ie rewritten in terms of the 
nozzle coolant ratio and the loss factor Se° This equation appl ies 
equally vell for the buckets if (o¢/og"), ors (n/t), ere replaced by 
(%</oc™), and (m/it)s 


o*/e 
(n/) >" -« 
(0 oc" bp J wit) 1) 


| of eeeveee (20) 


re 


© =1 


The soolant ratio for the nozzles is determined fron a 
simple energy balance applied to the cooling proceas (see Fig. 4b). 
It ia assumed in this energy bslance that the coolant leaves the blade 
wall eb wall temperature. 


(a, /¥,), ¥ 
(my = ATA <= A 


- T 


e®* @ «© @ @ @ (21 ) 
Pa * w o3b? 
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The coolant ratio for the buckets is ebtained in a siniler 
nanner. The energy balance is epplied at a mean blade radius such 
rt. * © 
that the blade tengential velocity is u = uz). Therefore, the 


absvulute stegnation tanperatures of the coclant before end after the 


—~k 2 
m u 
perous wall are ‘ota ” “ose * 203g, ° azul Toca” "e * BOE, * 


(2, /%,), ¥ 
(n/t) 2 anne Ah. oweets (22) 


C(t = Th eae) 
Ps * odb >” be 
Fran Equations (17) through (22), the coolant ratios and 


heat loss terma (a, /#,) are calculated. The resulting curves of 
and m/M are plotted in Figa. 9 and 10. 


me 18 detemsined by evaluating %,, &,_» ¥ p and ¥ o,° "s,* 
% ard Gen are calculated es shown in Appendix D. An expression for 
* the rotor pumping work is derived in Appendix 0, assuming that the 
rate of transpiration per unit radial length is constant in the 
buoketae 
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Ce The Reaulte of Analysis ~~ Transpiration Cooling 
In Fag. 9, Oe " are plotted arsinst turbine inlet 
temperature for various constant valves of the cooling system design 
parameter. It is seen that increasing coolant inlet tenuperature 
causes a ameall increase in the quantity )/ ye this 4s because higher 
values of Tos result in larger coolant flora which 4n turn increase 
the ooolant inaulating effect and reduce heat loss to the blades. 
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The required coolant ratiog are plotted in Fig. 10. As in 
the case of the forced convection cooling system, inoreasing T ov 
Increases the coolant ratio. The most important feature of those 
curves is the lor coolent ratios required for transpiration as 
conpared to those required for forced cenvection. When T os 1200° R 


and T ofa” 3000? R, the coolant retio required for transpiration ia 


Sa 
lese than one third of that required fer forced convection. 
In Fig. 11 the effeots of the design paraneter T os ™ 
powerplant performance is shown. As in the case of forved convection 
reducing coolent inlet temperature tends to increase efficiency and 
lower speoific air consumption. Horever, the transpiration cooled 


than was the 





plant is much less sensitive to varietion in TQ. 


forced convection poverplant,. 
IVe LIQUID COOLED POvERPLANT 

The Liquid secled powerplant considered in this study 41s 
cooled by a closed water circuit. The water flovs through leop type 
pessages in the blades and ia cooled externally in a hoat exchanger. 
if the coolant floras through both noszles and buckets in series, the 
analysis of Appendix M shores that, for a wide range of operating 
variables, the net coolant pressure rise in the buckets and rotors 
is sufficient to overcome all the systen frictional pressure drops 
end no circulating purp ie necessary. Also, since the coolant flows 
beth outward end inward in the roter and bucketa no net pusping work 


is done by the roter. 
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From the discuseion ebove, it is seen that the quantity V 
(Equation 6) is sero end that YQ in just equel to )[ ye. The cyele 
effiolency for the water cooled powerplant is then celculated 
according to the methods of Appendix D. The results of these cale 
culations are plotted in Fig. 12. 


Ve SURVEY G BLADE COGLIMG ANALYSES 

Currently much research is going inte the development of 
high temperature blade alloys ani methods of blace evoling. Con= 
siderable work has been devoted to the deaign of partioular types 
of coolant systens, but relatively little analytical work has been 
done on the thermedynemic performance of cooled turbines. A 
survey of the technical Literature reveals a large amount of material 
on the subject of blade cooling. lovever, most of these studies 
are concerned with the blade temperature distribution and blade 
Nusselt mmber (references 6, 9, 11, 16). The survey will be 
diseussed within areas of development camen to most of the analyses. 

Ae Heat Transfer Correlations 

Outside surface heat transfer coefficients have been 
obteined experimentally by many investigators for atatic cascades of 
turbine blades. The resulting correlation equetions have been of 


the form 


a = A (Re)? (Pr) 
However, cach investigetor hes used a different set of fluid condie 
tions in defining the nondinensional parameters. Consequently, the 
constants A, 3B, and C vary with each analysis. Ainley (reference 1) 
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stated that fran teste of an experimental air-cooled turbine there 
was u clear inference that heat transfer coefficients, derived fran 
cascade tests, were not necessarily a reliable guide to heat transfer 
on similar blades in a turbine stage. le explained that the differ- 
ences were probably associated with differences in main stream 
turbulence and seconmfery flow6e 

Several theoretical heat transfer correlaticns based on 
Neynolde' enalegy have been ceveloped. 2rom andi Poneughe (roference 
3) extended the boundary layor heat transfer theory to obtein 


tr cr PS. 


Smith (reference 16) used a modified form of Reynolds’ amelogy to 
determine the blade Nusselt number. The modification consisted of 
an euptrisally determined factor which varied with the ratio of 
exit to entry velocity. This factor was only good at a Reynolds! 
number of sbout 2 x 10° but could presumably te extemied. Smith 
noted discrepancies betreen experimental and theoretically cal oul ated 
Nusselt nunkers. te attributed the disagreement to variations in 
blade shape rather then to errors in the theoretical analysis. 
fawtherne (reference §) developed a similar correlation which ras 
used in the analysis presented in this study (Appendix &). Sy 
using Heynolds' analogy, he wes able to relate the heat transfer 
coefficient to the profile loss factor 5 p *8 determined in casonie 
teeta. As of this writing, there has been no goal experimental 
Gata obtained fran rotating cooled turbine blades to correlate the 
analyses presented here. 
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Be Turbine Cooling Losses 

All of she proposed methods of blade cooling, for ges turbines 
have the cisadveritage of adding losses to the systems which reduce the 
gains to be anticipated from increaswd turbine inlet temperatures. 
The lesses incurred due to cooling ere as followss 

a) Aerodynenic losses caused by larger tip clearances and 
flow interference in the regions where the coolant is diseherged into 
the main gas street. 

b) Cooling lesses caused ty heat transfer fran working 
fluid to ceolant which results in a reduction of the reheat factor 
due to progressively lower ges temperatures in the cooled turbine es 
conpered to the uncooled turbine. 

¢) Mixing leeses which result in a lororing of the cooled 
turbine exhaust temperature ani decrease the performance of either 
a hest exchanger or a secom uncooled turbine as in this study. 

C. Aerodynenic Losses 

fewthorne (reference 8) shoved that the aerodynamic losses 
were of the order of 1 or 2 pereent, changing elightly with Mach 
munber and type of stage. Hy averaging a large nunber of teats, 
Ainley (reference 1) concluded that the combined effeet of nozele and 
rotor cooling air quantities was to reduce stare efficioncy by less 
then 0.6 percent when the cooling flow ratio totalled 4 percent. 

This 4s seen to be less than the effect predicted by Mewthorne, but 


it ie no doubt due to the low cooling flow ratio employed. 
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De Cooling Losses 
Brown (reference 2) developed an analysie to determine the 
effect of cooling on turbine efficiency and reheat factors. le derived 


a cooling loss factor 


AB ) 
se Cees ‘en 


where A was ea function of the gas properties, 3B a function of blade 


preperties, and C a constant. This lose factor was then used to 


obtain the overeall turbine efficiency. 


FT Upies) 





L= &) 
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This expression is identical with that determined by Hawthorne and 
used in this study (Appendix D). The varietion arises in the derive- 
tion of ¢ or G/T ae used in this analysis. Brown's loss factor does 
not account for the deorease in relative stagnation temperature 
reaulting from blade rotation while afr does (Fquation 10). Hovever, 
the loss factor & does bring out the fundemental relation betveen 
cooling loss and the variebles which determine turbine blade design 
(4.e., Variables in the quantities A and 3B). Therefore, ¢ does tem 
to indicate the way toe optimum design. Hawthorne's factor @/¥’ 
(Equations 9 and 10) does not accomplish this purpose since the vari- 
ebles which determine blade design are hidden in the enpirical loss 


factor 5 : (Appendix E). FEsgar and Ziemer (reference 7) produced a 
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series of charts which remitted the graphical evaluation of cooled 
turbine performance. They assume that all of the heat ro jection 
occurs at turbine inlet temperature vhile this study assumes a mean 
temperature between turbine inlet and exhaust for calculating heat 
rejection rates. Heat rejection rates calculated by Harthorne and 
by Brown show surprisingly good agreement while those of Escger and 
Zeimer are fren one-third to oneshalf those calculated by references 
8 and 14. 
Ee Mixing Losses 

The mixing less is represented by Ai/W (Appendix F) in this 
study. This loss wae not calculated or included in any other analysis 
oovered by thie survey. However, several of the analyses (references 
2, 7, 15) indioated the need for finoluding such losses. The 
assumptions used in deriving Ar/ (see Seotion Il-4) vere identical 
with those suggested by the NACA (references 7, 15) for caleulation 
of the mixing losses. (See assumption D helow.) 

F. Assumptions 

in order to obtain simplified analyses each inveaticator 
was required to make many assumptions. The major assumptions are 
liated here for purposes of canparison with this study. 

a) The ges tenperature profile ves essuncd to be uniform. 
(References 2, 15) 

b) Blade geanetry, and inside and outside heat transfer 
coefficients were essumed constant ever the span of the blade. 
(References 2, 15) 


téelizey W@ aobseclows Lecter, of! belive © 2) Gram We earn 
antics ee ued aay te fis Pele eee Poteet edd 
ee ee ee ee en 
Sat series let Lee wh founerr tn Metal axiow? Stewed rwilevege! 
tne mrmsiwat of Semplieytinn puter mabfow, 7 Me? .aeten mibioe( ot 
es Wage Ne wands AL Kremeeme ooy ylestadnrens ote own @ 
RPT ES gt lecte Lec MUD SEatemet od (REE SeNe SOW! oe Teee 
Or 42 te et ©? «ak 6 o oe st oe 
aa inde ga 

af wml webele or? : 
Lae ee 
 amymreton) eercinwe ots — <rws kde of eoreves 
a ma, a, ag oct Heme ait comewttod (a) ee 
Centro wee (bts eoidwet see yd paren ch Omen Moet Boene 
he aah et (AL yy Aes CT ee  emEe Mae? ORCe 
eal tate wes ame giltmbe aah te 
A A He @ ry TRE fh ma 
alts a ie Met iienke keen of were 
ew can bmgmmes wien ot J netd metas ree ates a6 rin opr 
a Oth Ae on ee ae Be ek teed) 
eee of eee or ion eee! eee ie 
ee ee ee 
ee 
eet att at all 2 A eben ler enaitel Tee 
© Cues |) eee wee) Gee Gee «| (OE ft pee, 












ld ab (1 mittee) VM 
single sre eet 





























ol 


co) Radiation and conduction effects were neglected. 
(References 2, 15) 

ad) The coolent was not considered to be part of the working 
fluid after it was discharged inte the cooled turbine. The ooclant 
mixed with the main working fluid at the exhaust cendition from the 
cooled turbine. (References 7, 15) 

o) The entire velocity head of the cocling air was lost or 


counterbalanced by the serodynamic losses imposed in the cooled turbine. 
(References 7, 15) 


VI. CONCLUSICKS 

1. The results of this investigation show that sppreciable 
net improvements in gas turbine performanee can be attained by the 
companion processes of inoreasing turbine inlet temperrture and blade 
cooling. 

2. Liquid cooled turbines are capable of lover specific 
air consumption than air cooled turbines. 

$e Transpiration air cooling results in lower specific air 
consumption and less sensitivity to cooling system design naremsters 
than dees forced canvection ccol ing. 

4. For both typea of air cooled poverplants, decreasing 
coolant inlet tenpereture and reducing coolant discharge presmre 
improved powerplant performance. ror the forced conveotion systen, 
blade internal geavetry (1.¢., coolent passage effectiveness) has 


signifioent effects on performance. 
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5S. The blade loss factor ei 9 mas a noticeable effect on 
plant performance. Decreasing Fo increases efficiency, cecreases 
specific air consunption, ed increases the maximum inlet temperature 
at which peak efficiency oecurs. 

6. Lox specific air conswuaption indicates higher specific 
output for smaller plants. or this reason, transpiration cooled sas 
turbines would tend to be more desirable then convection cooled 
turbines for aircraft applications. 

7. Uleh effielencies indicate better specific fuel con 
sumption. Eecause of this and an abundance of water, the Liquid 
cooled gae turbine will be more attractive for marine inetallations. 


8. The essunptions, used in this enalysis and in the 
analyses discussed in Section ¥, yield results which are edequate for 
couparative purposes. Thin getudy shows soed agreement with reference 23 
however, it is at variance with work done ty the NACA (roferenee 7). 
Experimental date to prove or dieprove these analyses ins not available 
at the present tine. 
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APPENDIX B 


TABLE OF NONE NCLATURE 


le Syn vals 


A. *# (A, a (A, ds » total transpiration erea for blades, re” 


C - specific heat at constant pressure, vtu/lh =°R 


cr 


C. « average for cooled turbine ~ .283, bin/Lb -98 


yy 
C., - average for mixing process « .277, vtu/ld_ -R 
2 


Ps ~ average for cocolent in blades ~ .264, btu/lb, ~°R 
De #2 = - coetirtands diameter of blade coolant passsses, ft 
f 226, / V° = friction factor 


a 


s = or oe - coolant flox per wit area, Lb, /tt* 00 
my 


2 or -8 - eoolant flow per unit area, 1b [it -seo 
ay A mh 


a 
ce 


~- impulse blede factor (defined in reference 18) 
2 1/S = turbine consteaxt, 1y_/tt =s00 


re 


« thermal conductivity, btu/see-ft-°R 
é « blade length, ft 
M806 main working fluid mess flor, 1» /aee 
*m, +m, = total coolent mass flow, 1h /seo 
P = (P), = (P), = totel perimeter of coolant passages, ft 
PP «= pressure, 10¢/re" 
IF = power, ft-lbf/sec 
Ir - perer output of turbine 8, ftelbf/sec 
Q = heat flow, vtu/seo 


Q - heat flow per unit mass to infinitesimal blade row, beu/ld, 





. ee ee 
7) Augeiey Malege Yo tenting Lat ~ {0 * 1%) * 
Bevset yemmere- 


oie eee = 


POS A wetted ty fete ee = ii 
font corr taht Lemimemtart'tnd 02 une thre wey ool tome = 0 





. 


we 
‘ 


heat loss to blades per unit mass of M, vtu/lb, 


& 
B 
i 


powerplant heat input per unit masa of HM, biu/ld, 
R, = reheat factor fer Turbine A 


> 


- reheat factor for Turbine 8 


P et 

ros — - totel power plant pressure ratio 
o8 
a 


ove 
r, & re - expansion ratio turbine A 


P 
rT; & - expension ratio turbine B 


t «= turbine wheel blade root radius, ft 


Te ~ turbine wheel blade tip radius, ft 


$ 8 (3), ” (3), - total eroassectional flow area for blades, re” 
T, - blede wall temperature, R 
u_ ~ turbine wheel tip velocity, ft/see 


rr * F 
ue u(y) - mean blade velocity, ft/sec 
Y. ~ tangential velocity, ft/sec 
¥ 


rel” Velocity relative to rotor coclant paseages, ft/sec 
W « maximun work for infinitesimal stage, veu/lb, 
¥, “HR © Work output turbine A, btu/ib, 
B | 
%, * Wa, - work output turbine 8, btu/ld 
Vv, & fas ~ work input main canpreseor, biu/Lh, 
=F 5 
| a - met porerplant work output, vou /Ld, 
@ «< density, I> se" 
y - porsrplant cycle efficiency 
Cy - main caupressor efficiloncy 
fe ~ losa factor (defined in reference 18) 


Y «# torque, ibfeft 
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- angular velocity, rad/seo 


3 

2. Subseripts 

o = refers to hotel stagnation conlitiow 

9 0606 wm refers to relative stagration conditions 
$ «refers to sconatent entropy proceda 

NH  yefers te noszles 

B « refera to tlades 


- denotes sero transpiration mass flow 


laetea - refers te states of main working fluid 


lheSh o« refers to atates of total coolant 


4de6d - refers to states of bucket coolant’? 


JewGo «- refers to states of nossle coclant 


7, 8 « refers to states of total mixture 
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APPENDIX C 


TABLE CF POTERPLANT CONSTANTS 


Turbine polytropic efficiency 


Nain compressor efficiency 


~- Auxiliary canpressor efficiency 


Total pressure ratio 


Turbine blade tip speed 
- Inlet temperature of turbine B 


- Maximun allorable blade tenperature 


Mein caapressor inlet pressure 
~ Powerplant exhaust pressure 


Mein compressor inlet temperature 


Loss factor 


Impulse blade factor 


Retio of turbine blade root to tip radius 


» Turbine flow emstent = //S 
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88 

85 

285 

15 

1000 ft/see 
1960°R 
1960°R 
2118 psf 
2118 psf 
520°R 
0.02=0,.08 
4.0 

O.7 


500 1b, /ft*=s06 
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CALCULATION WTACD FOR Vy 


in aceordence vith Pqvatien (4), N M is expressed ast 


¥ + Te ¥ 
y we wth. BA. 
xe San 


hy use of “shle 1, reference 10, it is possible to coternine 


“ey and Cay as follows. 
h *h 
* © — © 170.8 veu/l be (Led ) 
i Cy 
Gs Base ~ Mote * Bony, ~ 285e2 veu/Ltn (Zed ) 


veference 14 shows thet the work output of turbines canposed 
of en infinite nunber of infinitesimal ctages may be caleuleted uring 
the reheat factors given bel ov. 


~*~" Wor, lpn 7 otes?! ($= ) 
%™ LsteMgy ~ Mogg? (ed) 
where 
. pas Fe 
le» & 


"A 


g, 2) eae (6) 
p+ ay) t= & 


p i> @! 
| z 
(1) Im evalusting R, and Ry, the following average velues of k vere 


exployeds 
k(eooled turbine) » 1,32 
k(uneooled turbine) = 1.35 


(2 ) 
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ALSO, * may be determined independently by reference to 
Fige 3. 


a) For a foreed convection cooling syaten 


Rose 7 oy 


Ww. « , ( Tenet ) 
A T+ Qh, + af, 
b) For a transpiration air cooling system or liquid 
cool ing 


. _ Moga * Box 
Tear oa 
How, having once determined a, ani su/,, it is possible 
to caloulate r, by "trial end error” from Equations (fed), (Sed), (Ted) 
(or (8=d) and the Gas Tables (reference 10). Since r, © r/r,, ©, ean, 
at this point, be evalueted fran Equations (6—d) and (4d). A senple 
calculation employing this method is given in reference 15. 
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Mawthorme (8) suggests tho following approximate analysis for 
determining the heat transfor per lb of fluid flowing across a turbine 
blade row. 

The Reynoldst analogy relating monentun tranafer and heat 


transfer is 


A ~i (Lee ) 


P 
An energy balance for en element of length d= along, the blade surface 
in the direction of flow is 


dq =X P(t, = T lax © 8G Car, (20 ) 


Substituting Equation (1-e) into Equation (Ze) and integrating between 
pointe 1 and 2 at inlet end outlet of the blade passage results in 


T wf my #§€& I P 
ty = e° BY (me ) 
% e, 


Defining a losa factor = by 


Lp 
62 / f & ax (4me ) 


xO 


Then since the heat transferred per 1b of fluid is 
C T - 
Qs n ( o oy? ( Exe ) 
Equation (fe) with Equations (4<-e) and (Se) beoane 


7 
Q= 6, (T. - 1) Ce ~1) (G=0 ) 
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The maximum work per stage of infinite staged turbine or best 
efficiency of a single ctazge turbine is ebtained when the magnitude of 


the tern 
¥ 
= * (7-0 ) 
u /eg,J 2 r. 


da approximately Ky = 4 for Ypulse blading and % » 2 for reaction 
blading (reference 14). Actual values vill be slightly less than these. 

Then dividing Equation (Ge) by Squation (7-0), an expression 
for Q/® for a cascade of blades cen be written as 


e.(t, - tT) \e ~ 1) 


7 ate Sn 
~ tae (smo ) 


whieh ia Equation (6). 

initial caloulations for thie study were made with a loss 
coefficient in the range 0.05 < 5, < 0.08. Peeause of the varying 
opinions as to the correct value of So amt because of its pronounced 
effect on cooled turbine performance, the ranze was extended to include 
0.08 < << 0.08. It ie believed that thie renge will adequately bracket 
the actual value of % for any particular blade design. It will aleo 
bring the data into closer agreement with more recent work completed 
on profile loss factors as mentioned below. 

A discussion on the determination of $. is presented here 
in order to show some of the reasoning behind the variance of opinion 
and to verify, if possible, the use of a loss coefficient in the range 
0.02 <§, < 0.08. 
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For lew Mech number and for the case in whieh (pfs) does 
not vary along the flow peth, Hawthorne (referenos 8) shows that 
eo * ep the prefile loss factor. This would correspond to the case 
of impulse blading. For reaction blading and nozzles heving decreasing 
area in the direetion of sac flow and for values of Mach ounber greeter 
than zero, Sy becenes less then See 

Hawthorne (reference 8) combined the following equation for 
the heat transfer coefficient from gas to blace 


Hu = Ool¢ (ne)? (pr p/S (9 ) 


with tho heat balance equation for a blade passage 


O68 (T+ T,) dx = apy C, at, (10~e ) 
end Reynolds’ analogy to obtain 
el” = 1) = 0.14 (ne S*™ (pp 7987 (L1e ) 





Equation (llee) yielda 5 9 7 9026 = 0.084 for Reynolds’ 
mmber of 6 x 10°>Re> 2x 10° whore 5 veries fran 5 << ¥ < 10 
for most blade shapes, 

Subsequent to Hawthorne's analveia, Van Le (reference 15) 
completed a study of less coefficients Sp = £(4, | /X os 2, Roy s/c). 
Data teken fran charts in reference 18 show the following trends: 

a) Sp decreases as %,/x, Re, oni S/C inoreage. 

bv) Sp increases as @ and i inerease. 
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¢) Se for reaction bledes in less than Se for inpul se 
blade. 

d) for normal verietions in terning angle 6, degree of 
reaction, XK /X 92 pitch chord retie, S/C, imedidence 
angle 4, and blade Reynolds! member, Re, the profile 

less coofficient was found to vary within the limits 
(6082 <F < 0.34. 
P 
These values of i vould seem to agree fairly well with Hawthorne's 
analysis that * * § p Particularly at the higher values of Reynolds’ 
mea bere 





Smith and Pearson (reference 17) define a heat extraction 
coefficient, q for a turbine stage 


: 4H 
Jgoit, Tt) 
By comparison with Equation (fe) for a cascade of blades, where i, = 4 
for impulse blades, the following relation cen be establiahed 


jel!” 12 fp (18~¢ ) 


Reference 17 includes plots of 4 vorsus flow coefficient which show 
thet 4 varies between 0.01 < q < 0.08. These values chow good 
agreement with Hawthorne's values for §/2 between 0.012< § /e < 0.018. 

fubbart of NACA (reference G) and Srow (reference 2) suggest 
the use of 

Hu © .0296 (Re )°® 

instead of Equation (Se). Use of this equation results in velues 
of § whieh are about ten percent less than those determined by Hawthorne. 
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RPPEMDIX F 
ANALYSIS OF COOLANT FLC’’ IN ROTOR AND BLADES 


w= FORCED CONVECTION AIR COOLED POURRPLART 


1. Amalysis of bucket coolant flow 

ae General -- flow in rotating coolant passages with heat 
transfer 

Consider a stationary anrmlar control volume inclosing the 
rotor fran r to r ¢+dr (see Fig. Fel). Applying the steady flow 


energy equation to the soolant within the control volume 


ap aQ * MH, Cat, 


From the theoren of moment of mazentum (assuming slip factor 


= 1.0). 
2m we 
ajP “my 
sy" me 
e 
Therefore 
C.d?f. = @Q + r dr lef 
"Bp © God 


At any radius r the relative (to coolant pasuage wall ) 
stagnation tenperature and total stagnation temperature may be written: 


V 22 
T “T+s Coot”, et) 
, p 80 p §o 


2 
¢ wpee p91 
- e Ce 
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Therefore 





2 
at = ar, - Te rar 
p “o 


liquation (lef) can now also be written in terms of relative 


temperatures 
2 
° Rn 
Mg” OT oe # dQ + “eo rd (2—=f' ) 


be Flow in rotor (Sed « dad) 


Agevming ediabatic flow in the rotor, Equations (lef) and 
(2~0f') are integrated to show 


é 2 


1 *h 
p “o 
2, 2 
T ota + tsb + t5e, Ge)  ) 


Ge Flow in buckets (4d - 5=d) 


Integrating (2-f) fran (4@d) to (Sd) 


9 = u(e, Ar, aw, * mye (Tred + T ved - 3 (r," ~ r”) 
and 


¥ 
(n/t), = : (Av, Dy A 


| 1 a 2 
“py oréd ~ Tisaa? "2 6,4 [2 7 (r,,/t9) ] 
Defining an apparent effectiveness for the bucket coolant passages as; 


. ts ened 
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(Q/t, dy 
2 fF «. ? 
Liv ch ] Liu | ah } 
co Ul + tee bee "ttiglt- FS } 
de elation of 1S to coolant flow conditions 
Combining Newton's law of cooling with Equation (2-f) 
e a 
* ¢ ~ ' a os = 
aQ = OX P(t t per = M50 Toe m,, od rdr (Taf ) 
Aesuming 0 Pt /igG and T do not vary with r the above 
equation is integrated to yield 
8 
tT - T. “(ee te **) 


w or4d 


where 


et 
. 
G = © rdr 
p Ee Ss = o 
*h 
@ is later integrated assuming a linear variation of To. 
with radius, however, for the moment, canparing (8-f) with (Sf) it 
is seen that 


4 é 
Gre 75 +f ) ay 
Saf 


Ye sites 


Neglecting the effect of free convection on the heat transfer 
proceas within the blade coolent passage, the Stanton nunber is 
expressed by the empirical pipe flow equation (reference 15). 


G De ~e2 Cu —.67 
te 02g (-S—) -E-) 
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The same reference relates the friction factor to the 


Reynolds! mmber (for 5000 < @ De/a <. 200,000) as follenss 


G De ~eL 
f= 046 ——) (1l=f ) 


P 


Assuming that Cu/e & .69, Uquations (%f), (1¢-f), and (1l-f) 


result in 


Yi -1- 97 (2.56 £ e/te +P ) (1e0e) 


2. Analysis of nozzle coolant flow 
The equations eorresponding to (lef) through (12-f) can 
readily be attained for the fle» through the non-rotating noszle 


coolant passages by equating w» «= 0. The pertinent results ere listed 





pel owe 
Tose” ‘orae * Tose (18ef ) 
(Q,/%, 
(n/t),, * a (140) 
p, (x w ofb 
Ne eto e886 f &/de ber) 


3. Evaluation of ui ‘. 

The nozzles and buckets in this powerplant are assumed to 
have identical coolant passage construction. The coolant flove for 
nozzles and buckets will certainly be of at least the same order of 
magnitude. ‘Therefore, it 1s assumed that the term, f &/De, 1s very 


nearly the same for both. Comparing Equations (12=f) and (1B<f) 


i, ei (1 -¥.. ee’ (1 G=f ) 
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Now, returning to the cefinition of (3 (Section 1), ané 


performing the integration, esmaning that Tor is linear with r 


Bw u(y On a +1) 


where 


The combination of Lquations (16-f) and (17~f) determines 
i! in terns of ¥ x tT Esb and eertain powerplant operating constants. 
In Fige Fed, Xf is plotted against | > for the three values of T 


used in this investigation. Theo velues off. used in the celeulations 


are tetulated below. 
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APPCEDIX G 
AIVATION CF Lh PRESSURE FOR AWTRALPY LOSS 


DUR TG MIXING (4 I!) FORCED CONVECTION 





AIH COOLLD POTERPLANT 


Assuming adiabatic mixing of coolant and working fluid, 
and neglecting variation in specific heat, the steady flow energy 


equation applied to the mixing echenber, F is written es follows: 
My oe * "soca * “Toan * “My * 3 * ¥) Toy ae6) 


But, by definition, AH g C Pp (Tone 7 Tor? 


anc also 
Tar * tw? Tepe 7 “ete? Teen * "ota 
C 
“— 
oe = " ™ Co = Tagg) * (n/t), (T, - om) (2g) 


The above equation is further modified by introducing the 


expressions for the coolant ratios and the definitions of and 


x 
a” 
eG ES ow 
where 
wu" 
a ve, 
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APYENDIX # 


SRIVATION CP RQUATIONS FOR ROTOR PURPING WORK 


1. General analysis -- veryiny, sceolent flow in rotating 
pas saces 

Consider stationary anmler control volume which incloses 
rotor between r and r + dr (See Fig. Fol}. For this derivation only, 
the following definitions exist 

n 2 masa flow within coolent passages at radius r 

Sn # mass leaving coolant passages between r and r + dr 
(4.@0, due to transpiration). 
From the theorem of moment of momentum 

Net extornal torque = net efflux of angular momentum fram 


the control surface. 


2 
a? = & (er +E? t (n + 3) ar)(r + ar)” z ~ = 


(leh) 
From the contimuity equation 


§,°° Bar (Reh) 


Combining the two above equations, and neslecting terms containing 
(ar)® results in 


a? « te { Zeh ) 
Qo 


Ze ‘roerced convection cooling: n* m, © constant 
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(u/s ep ue 


“p "nd a ET (40h ) 


Fee 


Se Transpiration cooling 
O<r<rn n= m, 


rer, 
mS F< Mm, ora? + Ese’ (1) 


Integrating Equation (Sh), using this variation in n results in 





ee 3 ey | 


re em ol fe ary 
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) (ry Os ue ) 
% 2 .72%0 6 (5=h ) 





(1) Asswaing that n varies linearly with r within the blades. 
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AP @NDIK J 


TERIVATION CF SQUATION (197) 


Vquation (/9 (film theory) expresses the effect of mass 
transfer on the heat transfer cvefficient as 
GC 
ee) 


Gc 
K f+ = (P /e ) 


in reference 14, the heat transfer to a cascade of blades 


(no mass transfer present) is expressed 


MQ, 9 x c(t, - T Ne =i) (le) 
Newton's law of cooling relates the heat tranefer to the 


temperature difference 


MQ, * ™ o¢ ® A(T, -T ) (2=3 ) 


Fron Dquations (l#j) and (2—4) 


wave te sag 
Oe a wes 


Hoting that for the norsles, say 
Bin dy = bas 
ae AH aft) <* 
Therefore 
@,0 oor 
(—), ° (n/t), /(e as 


and 
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APTUNDIX K 


ANALYSIS Of TATER CCOLED PO")RPLANT 


The efficiency of a corled powerplant is, as seen fran 
Equation (3), exactly equal to Ve if the quantity Ne ig Zeros 
For the water cooled poverplant studied, since the coolant does not 


mix with the working fluids 
e+ & 
| (water cooled) = « ae (lek ) 
* in 
The term * rotor pumping vork, is sero since the coolant 
flows both inward and outward in the rotor. ‘Therefore, in order that 
Nn be zero, "a, the work required to circulate the coolant must also 
be zero. This condition is fulfilled if the net centrifugal pressure 
rise of the coolant as it passes through the rotor anc blades is equal 


to or greater than the net pressure loss in the remainder of the 


circuit. It is assumed that any excess pressure rise vill be dis-~ 
sipated in throttling rather than converted into useful work. 

The net pressure rise caused by the centrifugal field and 
density change is obtained by assuming the outvard flowing coolant is 
all at density Py and the inward flow coolant at censity Pr os 
(See Fel). Successive application of Bernoulli's equation yields: 

ue = y 
ap rie 1> 2 =F (P, =P eh h . od (2k) 


The total frictional pressure loess in the coclant ofircouit 
ie approximated by multiplying the nozele pressure drop by sixe 
(Since the nozzles, buckets, rotor, stator, heat exchenger and coolant 


lines may be thought to cause approximately equal pressure losses). 
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2 
| é Ky (w/t), 
“ rrtotion = 6 (at My *» 24 f Te i. ( Sack ) 
0 
From combination of Squaticne (2-k) and (Sek) it is seen 


that % is sero if 
2 


2a f (4/00) ¥” (n/t) 
YY eee See ee (4—k) 


The coolant ratio required for the nozzles is obtained by 


epplying a heat balanee to the nozzle ecolant pacsages. 


(/*,), © 
(m/it), 2 aa (Gok) 
p w 2° xe 
where 
T - T, 
Uae 2 Eo (Gk ) 


The term f ¢/de is obtained by an analysis similer to that 
earried out in Appendix F. 


f 1/00 = % im (ye) (7%) 


x 
where # 48 a ratio of Prandtl nunbers. 


f ~ 67 ' * T C ~~67 , + T 


3 2 “? 3 
) et T ee (eee ) at T« -_=- 
fs sna a 6 pe 
ce) at T = 616° R 
In order to prevent bolling in the eoslant systen, it is 
necessary to limit the temperature rise in the blades and hence the 
effectiveness. Assuming equal temperature rises in nozzles and buckets 


the maximua effeotiveness as limited by Tt. ae 
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1 37 1h 
Yxe 72 FE? (ete ) 
MAX w 1 

In Fige KFe2, the above relation is plotted for the case 
whore a. is limited to the boiling point of water at <tmospheric 
pressure (T. a 670°R ). Larger values of te could, of course, be 
ottained if the systen were pressurized. 

B, the ratio of frictional pressure drop te centrifugel 
pressure rise is plotted in Fig. KeS for tro walues of coolant inlet 
: gS 1 
temperature, te In this plot Yes ig agsumed equal to ne as 
per K-2. it is seen thet throughovt the renge of turbine iniet 
temperatures investigated, i is considerably less than unity. leneve, 


the required pumping work, ©, » is zero and x is just equal to } ... 
” 
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